We demonstrate upconversion-assisted single-photon detection for the 1.55 μm telecommunications based on a periodically poled lithium niobate (PPLN) waveguide pumped by a monolithic PPLN optical parametric oscillator. We achieve an internal conversion efficiency of 86%, which results in an overall system detection efficiency of 37%, with excess noise as low as 10 3 counts s −1 . We measure the dark count rate versus the upconversion pump-signal frequency separation and find the results to be consistent with noise photon generation by spontaneous anti-Stokes Raman scattering. These results enable detailed design guidelines for the development of low-noise quantum frequency conversion systems, which will be an important component of fiber-optic quantum networks.
Introduction
Single-photon detectors (SPDs) play a critical role in quantum communication systems; for implementations of quantum key distribution over fiber-optic networks, the maximum reach is limited by the performance of SPDs for the 1.5 μm low-loss window of silica fiber [1] . Current commercial detectors in this spectral window most often based on InGaAs/InP avalanche photodiodes (APDs), which have significantly poorer performance than Si APDs [2] . In particular, whereas Si APDs can have photon detection efficiencies (PDE) exceeding 70 % with dark count rates (DCR) lower than 10 s −1 , InGaAs/InP APDs typically have PDEs closer to 20 %, and despite typically being gated gated to avoid dark counts due to afterpulsing, usually have DCRs greater than 10 4 s −1 . Although free-running InGaAs/InP SP detectors have recently been demonstrated [3] , they have low PDE and high DCR prohibitive for use in QKD systems. There has also been recent progress on superconducting SPDs either as transition-edge sensors or superconducting nanowire detectors [4, 5] . Although these two technologies have impressive performance, they are of potentially limited field utility due to the need for cryogens and exquisite temperature control.
Upconversion-assisted SPDs offer a technique by which one may extend the spectral range of Si-based SPDs into the telecommunications band near 1.55 μm [6] . They are based on the concept of quantum frequency conversion (QFC), in which it can be shown that frequency conversion in χ (2) media by either sum-or difference-frequency generation (SFG/DFG) can interchange quantum states of light between two frequencies ω 1 and ω 2 via interaction with a strong optical pump at ω p , with ω 1 + ω p = ω 2 [7] . The efficiency of the conversion process for a waveguide of length L with negligible propagation loss and a phase-matched interaction is given by
where N j is the photon number operator and P p is the pump power [8] . The normalized efficiency η nor is given by
where d eff is the effective nonlinear coefficient, Z 0 = μ 0 /ε 0 is the impedance of free space, n j are the effective indices of refraction, and θ Q is the mode-overlap integral for three-wave interactions:
Here, the u j (x, y) are modal field profiles with normalization |u j (x, y)| 2 dx dy = 1. From Eq.
(1) we note that when √ η nor P P L = π/2, η = 1 and all the input signal photons at ω 1 have been converted to ω 2 . The pump power required to reach maximal conversion is
The initial demonstrations of upconversion SPDs for the 1.55 μm spectral region used bulk PPLN samples and either ns pulses [6] or resonant cavities [9] to reach the high pump powers required for maximum conversion. By using waveguide nonlinear devices, owing to the small interaction area and confinement over long lengths, it was possible to reduce P max from 35 W in [9] to 105 mW [8] . Subsequent experiments went on to demonstrate that the upconversion process preserved phase coherence [10] and entanglement properties [11] of the input signal. Recently, upconversion of single-photons at 1304 nm from semiconductor quantum dots was demonstrated as well [12] . Upconversion has also been used to erase the frequency distinguishability of two single photons [13] , and has been shown to preserve photon statistics out to fourth order [14] .
An issue plaguing most implementations of upconversion single-photon detectors for 1550-nm signals are noise counts generated due to spontaneous scattering processes of the strong pump. A pump photon scattered into the phasematching acceptance bandwidth of the device will be efficiently upconverted and registered as signal. A schematic of noise processes in QFC devices is shown in Fig. 1 . Of order 10 18 pump photons s −1 are required for maximum conversion, so even extraordinarily weak scattering processes induce noise count rates prohibitively high for applications in quantum communication. The two primary noise processes are spontaneous parametric downconversion (SPDC) and spontaneous Raman scattering (SRS). It has been shown that random duty-cycle errors inherent in the fabrication of quasi-phase-matching (QPM) gratings by periodic poling result in a phasematching pedestal, so that parasitic mixing processes nominally strongly phase-mismatched in an ideal QPM grating experience considerably enhanced conversion efficiency [15] . In QFC systems with short-wavelength pumps, the QPM pedestal results in a statistically white SPDC noise floor for essentially all wavelengths longer than the pump within the transparency window of the material, and has been shown to be the dominant noise source in QFC systems with large negative signal-pump frequency separations Δω = ω 1 − ω p [16] . In Section 3 we will discuss the effect of varying Δω on the noise. As Fig. 1 shows, the choice of pump wavelength for an upconversion detector has a major impact on the noise performance of the device. SPDC can only produce noise photons at frequencies lower than the pump, and therefore will only affect short-wavelength-pumped upconverters. SRS can produce photons either red-or blue-shifted from the pump as Stokes or anti-Stokes sidebands, which are generated with an intensity ratio determined by a Boltzmann factor owing to the thermal occupation of phonons [17] ; for excitation at frequency ω l , the rate of anti-Stokes to Stokes scattering is given by
It was shown in [8] that for an upconversion detector with λ p = 1.32 μm and λ 1 = 1.55 μm, the ratio of noise counts is consistent with this Boltzmann factor when the roles of the signal and pump are interchanged. However, the spectral dependence of the Raman effect was not investigated. SRS was also the major noise source in a recent experiment aimed at downconversion of single photons from diamond color centers into the 1.5-μm telecom band [18] , but their SRS measurements did not explore large-frequency-shift regime, which is important for this work.
To enable low-noise upconversion detection (or any high-fidelity QFC process), one must choose a pump wavelength that does not introduce noise via SPDC or SRS [16] . As Fig. 1(b) shows, this constraint requires pump frequencies ω p substantially lower than the signal ω 1 . There have been recently been demonstrations of long-wavelength-pumped upconversion detectors for both the 1-μm and 1.55-μm spectral bands [19, 20] , and long-wavelength-pumping has been shown to drastically reduce the NCR. In what follows, we describe a tunable longwavelength-pumped upconversion SPD suitable for operation as an upconversion spectrometer [21, 22] . The tunable pump wavelength allows us to investigate the spectral dependence of the NCR, which was not possible in earlier work [20] . We demonstrate an upconversion efficiency of 86% using a pump wavelength which was tuned from 1796 to 1859 nm. This high upconversion efficiency enabled a total system PDE of 37%. The NCR versus Δω is shown to be consistent with measured Raman spectra of LiNbO 3 , and these data enable calculation of the noise-equivalent power (NEP) of the upconversion SPD versus pump wavelength. Our results are of importance not only for upconversion detectors, but for QFC devices for hybrid quantum systems and quantum networks [23] , in which quantum emitters in the near-visible may be linked with telecommunications infrastructure by using a quantum frequency conversion interface [24] . The experimental setup for our long-wavelength-pumped upconversion detector is shown in Fig. 2 . We fabricated reverse-proton-exchanged (RPE) periodically poled lithium niobate waveguides designed for sum-frequency generation of an 1850-nm pump and 1550-nm signal. The waveguides had total length L = 52 mm, and were fabricated with a poling period Λ G = 18.8 μm.
Experimental setup and characterization

Fiber
The waveguides had at their inputs spatial-mode filters designed to match the mode size of SMF-28 optical fiber, and were fiber-pigtailed with coupling losses of approximately 0.8 dB. We measured propagation losses below 0.2 dB cm −1 using the Fabry-Perot technique. The waveguide facets were flat-polished and antireflection coated to eliminate interference effects and improve the sum-frequency (SF) throughput. The waveguides were held in a temperature-controlled oven.
The tunable pump source we used for this experiment was based on a monolithic PPLN optical parametric oscillator (OPO) [25] . The OPO cavity was formed from a 52 × 5 × 1 mm periodically poled congruent LiNbO 3 chip with off-axis spherical polish (R = 40 mm) that supported a triangle-shaped closed optical path consisting of bounces off the two spherical facets at a slight angle followed by a total-internal-reflection bounce off the side of the chip. The OPO was pumped by a 1064 nm Yb-doped fiber laser and amplifier, and had an oscillation threshold of approximately 1 W. The OPO could produce up to 0.96 W of signal power tunable in a narrow (less than 4 GHz FWHM, instrument limited) spectral line between 1.76 and 1.94 μm in a temperature range of 130 to 200 • C. The OPO cavity was undercoupled compared with the losses, and as such the power extraction efficiency was not optimal, and the high intracavity powers led to numerous parasitic effects that led to instabilities when operating more than two times above threshold [25] . As a result, we operated the OPO close to threshold, and used the narrow linewidth signal to seed a Tm-doped fiber amplifier (TmDFA) which could produce up to 800 mW of output power. For some initial tests of the system, the OPO source was replaced by a distributed feedback (DFB) semiconductor diode laser operating at a wavelength of 1800 nm.
The 1550-nm-band signal was produced by a tunable external cavity diode laser and a series of calibrated attenuators. As RPE waveguides support only TM-polarized modes, polarization controllers were used to rotate the polarization of both the signal and pump beams. If necessary, polarization-independent upconversion detectors as in [26] could be built in the future. The long-wavelength pump and single-photon signal were combined off-chip in a micro-optic C/Lband WDM (Oplink) found to have low insertion loss for both the signal and pump wavelengths. For measurements of the detection efficiency the signal level was set to 10 6 photons s −1 at the entrance of the WDM. The upconverted SF at ω 2 was collected by an aspheric lens ( f = 8 mm). The pump and signal were separated from the SF by a dichroic mirror and the pump power was monitored using a thermal power meter. The upconverted output was further filtered using a brewster-angle prism and 50-nm-bandwidth optical bandpass filter to reject parasitic second harmonic generation of the strong pump. The SF was focused onto a Si single-photon-counting module (Perkin-Elmer SPCM-AQR-13) [27] . The transmission of the optical system between the waveguide output facet and the SPCM was 92%. We first characterized the phasematching of the upconversion waveguides. A phasematching tuning curve is shown in Fig. 3(a) . The pump wavelength λ p was fixed at 1800 nm and the signal wavelength was swept. We observed a phasematching FWHM of 0.57 nm, which matches the expected width calculated from the LiNbO 3 dispersion relations [28] and the 52-mm device length. We also measured the temperature tuning of the phasematching, which is shown in Fig. 3(b) . Experimental data are represented as squares and the solid curve is a theoretical calculation based on a temperature-dependent Sellmeier relation for LiNbO 3 [28] . The phasematching temperature tuning rate for λ p = 1800 nm was 0.27 nm/ • C.
Waveguide characterization
We measured the conversion efficiency of the waveguide as a function of both pump power P p and signal wavelength λ 1 for a constant classical-level input signal power of 20 μW; the results are shown in Fig. 4(a) . We reach a maximum internal conversion efficiency η of 86% which is consistent with our observed propagation losses of 0.17 dB cm −1 at λ 1 and a value of 0.1 dB cm −1 at λ 2 and our observed 41 dB (99.99%) signal depletion. Fig 4(b) shows a theoretical prediction of the internal conversion efficiency calculated by numerically integrating the coupled-wave equations for SFG with our experimental parameters [29] . There is good agreement of the major qualitative features in the two plots; the observed theoretical and experimental conversion efficiencies match very well. from which we extract η nor = 68% W −1 cm −2 and thus P max = 151 mW.
Single-photon performance
We next characterized the performance of the detection system by attenuating the signal laser to a level of 10 6 photons s −1 at the input of the WDM using a series of calibrated fiber optic attenuators. Before inserting the long-pass filters into the pump path, a strong noise signal overwhelmed the upconversion of the signal light, saturating the SPCM. We investigated the noise spectrum of the TmDFA by separating the long-and short-wavelength components using a C/L-band micro-optic WDM and coupling the C-band components into an optical spectrum analyzer. The TmDFA noise spectrum is shown in Fig. 5 for a 3-mW seed at 1800 nm and output power of 700 mW. The TmDFA is pumped by an Er:fiber laser at 1567 nm [30] , but a shelf of spontaneous emission noise is observed at all wavelengths down to approximately 1470 nm. Another popular pump scheme for Tm lasers is to pump at 790 nm; a subsequent cross-relaxation process enables the generation of two laser photons for each pump photon. Investigation of cross-relaxation Tm lasers also shows C-band spontaneous emission [31] . For low-noise upconversion, the pump light and spontaneous emission must be filtered. Previous work on upconversion using Tm laser systems used fiber-optic WDMs as filters [20] . Here, we use a series of 3 free space long-pass filters placed into a fiber bench to achieve the very high extinction (> 100 dB) needed to eliminate noise due to SFG of noise photons due to pump processes with the strong long-wavelength pump. With our devices tuned to a phasematched wavelength of 1555 nm, the phasematching acceptance bandwidth of the upconverter is itself a very effective filter of the 1567 TmDFA pump; we observe 50 dB rejection of upconversion of the 1567 noise photons versus 1555 nm signal photons, which is consistent with a predictions based on a domain-disorder-induced QPM pedestal [15] .
After blocking the pump noise with long-pass filters, we could measure the photon detection efficiency (PDE) and noise count rate (NCR) of our upconversion detector. Measurements were made using several pump wavelengths between 1796 and 1859 nm. A plot of the PDE (left axes) and NCR (right axes) versus pump power for a pump wavelength λ p = 1810 nm is shown in Fig. 6 . At P p = P max we attain a maximum PDE of 37%. The measured conversion efficiency matches our expected conversion efficiency by combining the losses of each component of the system and the finite quantum efficiency of the SPCM, as shown in Table 1 . With technologically feasible improvements and a detector with QE η Q = 57%, we will be able to obtain an internal conversion efficiency of 94% and maximum PDE of 45%. 
Spontaneous Raman scattering and noise
As seen in Fig. 6 , even for a pump wavelength longer than 1800 nm, there are still appreciable noise counts at 1810 nm. This result contrasts with earlier work involving and 1810-nm-pumped upconversion detector published in [20] . In [20] , there was insufficient pump power (only 60 mW was coupled into the waveguide) to reach P max , and, perhaps more importantly, the SFG output was passed through a monochromator before being routed to the SPCM, significantly narrowing the spectrum of detected photons. We estimate the bandwidth of our output filtering system to be approximately 20 nm. This narrow enough to reject any pump second-harmonic generation, but not narrow enough to filter the upconverted signal (with linewidth of a few MHz) from any upconverted SRS photons (which will fill the 74-GHz upconversion acceptance bandwidth). In order to quantify the expected spectral dependence of the noise resulting from spontaneous Raman processes, we measured the Raman spectrum of a congruent LiNbO 3 sample using a Raman microscope (WiTec Alpha300 S). We used a 514-nm Argon-ion laser as an excitation source and performed measurements in the x(zz)x geometry; the results are shown in Fig. 7(a) . Measurements were taken with an 1800-lines/mm grating at two different positions to reconstruct the large spectral range. The background counts of the Peltier-cooled detector have been subtracted. Naively, one expects the Raman spectrum for a complex material with several Raman-active phonons to be a sum of the Lorentzian responses for each of the modes [32] . Along with the measured data we plot a fit to such a sum-of-Lorentzians (green curve), from which we see that a significant deviation from Lorentzian behavior occurs at large frequency shifts. To the best of our knowledge, this large-shift SRS "shelf" has not been analyzed elsewhere in the literature on LiNbO 3 . We initially suspected the shelf might be due to the high defect density in congruent LiNbO 3 (which is 1.7% Li deficient) when compared with a stoichiometric crystal. Since stoichiometric LiNbO 3 is not readily available, we tested this hypothesis by comparing congruent-composition LiTaO 3 against stoichiometric LiTaO 3 . The congruent LiTaO 3 showed a similar "shelf" as congruent LiNbO 3 , suggesting that disorder is not important to the existence of the shelf. We also measured planar RPE waveguides processed under similar conditions to the waveguides used in the upconversion detector with sufficient spatial resolution to identify differences in the Raman behavior of the protonated versus non-protonated regions in the sample, and did not see any quantitative differences in the Raman behavior. Further work will be required to uncover the origin of the shelf.
We next sought to compare the observed noise counts with a prediction based on the measured Raman spectrum. The Raman spectrum in Fig. 7(a) was measured in the Stokes configuration. We can use the measured spectrum in combination with the relationship between Stokes and anti-Stokes scattering to compute the expected noise photon rate due to anti-Stokes Sum-ofLorentzians SRS [33] . The scattering rate into a bandwidth δ ω around ω 1 in a waveguide of length L can be shown to be
where ρ is the number density of unit cells and the overlap integral for the Raman interaction is
As mentioned in Sec. 2.2, we measured the PDE and noise counts for a series of pump wavelengths between 1796 and 1859 nm. The waveguide was held at a constant temperature of 30 • C, and the phasematched signal wavelength followed the trajectory shown in Fig. 7(b) . The noise counts at peak PDE are plotted in Fig. 7(c) ; the SPCM intrinsic DCR of 480 counts s −1 was subtracted to isolate the noise contribution due to the frequency conversion process. The solid curve is a calculation of the anti-Stokes Raman noise based on Eq. (5) where P p = P max . We take the scattering cross section dσ /dΩ 0 to be an adjustable parameter, and see that the spectral variation of the noise counts is consistent with a prediction based on our measured Raman spectrum which incorporates the non-Lorentzian shelf at large frequency shifts. A common figure of merit for single-photon detectors is the noise-equivalent power (NEP), which is defined as the optical power for which a 1-s integration gives a signal-to-noise ratio of 1:
For an upconversion SP detector for 1.55 μm dominated by Raman-induced noise counts, based on the results shown in Fig. 7(c) , we can calculate the NEP as a function of pump wavelength. We plot the results in Fig. 8 , for both short-and long-wavelength-pumped devices operated at temperatures between −50 • C and 100 • C, calculated for the Perkin-Elmer SPCM [27] . One should note that for pump wavelengths shorter than 1.3 μm, a significant source of noise counts will be QPM-disorder-enhanced non-phasematched parametric fluorescence [16] , which is not included here. As expected from the fact that anti-Stokes SRS depends on the thermal occupation of phonons, the noise can be reduced substantially by operating the upconverter below room temperature. For example, by cooling to −50 • C (within the range of Peltier coolers), for a 1.9 μm pumped upconverter the noise could be reduced by a factor of approximately 7.4. Using our measured Raman data, the NEP is easily calculable for any single-photon detector of interest. We note that in our experiment no special effort was made to spectrally filter the upconverted signal beyond rejection of parasitic pump SHG. In an earlier experiment demonstrating lownoise upconversion detection pumped at 1810 nm, noise performance near the DCR of the SPD was achieved by filtering the upconverted light using a monochromator, at significant expense on the system throughput. In most applications, the signal of interest will have substantially smaller bandwidth than the acceptance bandwidth of the upconverter (74 GHz for 5 cm RPE PPLN waveguide at 1.55 μm). Because upconverted SRS noise will fill the acceptance bandwidth while the signal will presumably be narrowband, the noise can be significantly reduced
